In this prospective study, the combination of more variable telomere length among cancer cells and shorter telomere length in cancer-associated stromal cells was strongly associated with progression to metastasis and prostate cancer death, pointing to the translational potential for prognostication and risk stratification for individualized therapeutic and surveillance strategies. Research.
STATEMENT OF SIGNIFICANCE
In this prospective study, the combination of more variable telomere length among cancer cells and shorter telomere length in cancer-associated stromal cells was strongly associated with progression to metastasis and prostate cancer death, pointing to the translational potential for prognostication and risk stratification for individualized therapeutic and surveillance strategies. One such possible molecular marker is telomere length. Telomeres are specialized nucleoprotein structures that are essential for maintaining chromosomal integrity by protecting the ends of chromosomes from degradation and recombination (1) (2) (3) . Critical telomere shortening is a common abnormality observed early in prostate tumorigenesis, where it likely helps drive malignant transformation and tumor progression via telomere destabilization and concomitant chromosomal instability (4) .
Preliminary investigations have suggested that reduced telomere length in prostate cancer tissue may be associated with poor clinical outcome in prostate cancer (5) (6) (7) . While intriguing, these studies used bulk measures of tissue telomere length, and without individual cell resolution, could not address associations with outcome for telomere length in specific cells types or for variability in telomere length from cell-tocell. Some have suggested measures of genetic or phenotypic variability or diversity at the cellular level may prove to be useful prognostic biomarkers of cancer behavior (8) .
Thus, we prospectively evaluated the association of telomere length and variability in telomere length among prostate cancer cells and other prostate cell types with risk of prostate cancer outcomes, including prostate cancer death, and also nonprostate cancer death in 596 men who were surgically treated for clinically-localized prostate cancer; the men were participants in the large, well-characterized Health Professionals Follow-up Study (HPFS) (https://www.hsph.harvard.edu/hpfs). Using a telomere-specific fluorescence in situ hybridization (FISH) assay that provides single cell resolution of telomere length while maintaining tissue architecture, we report below that men whose prostate cancer cells had more variable telomere length from cell to cell and whose prostate cancer-associated stromal (CAS) cells had shorter telomeres, when in combination, were substantially more likely to progress to metastasis and prostate cancer death than other men. Notably, these findings for the telomere biomarker were independent of currently used prognostic indicators, including in men with intermediate risk disease. If confirmed, the biomarker has the potential to aid in making better treatment and surveillance decisions. 
RESULTS

Characteristics of the men
The men were 65.3 years old on average at diagnosis, the majority were white, had a prostatectomy Gleason sum of 7 (3+4 or 4+3), had pathologically organ-confined disease, and of those for whom PSA concentration at diagnosis was available, had a PSA concentration <10 ng/mL ( Table 1 ). The mean follow-up times were 10.7 years for biochemical recurrence, 13.1 years for lethal prostate cancer (either progression to distant metastasis or prostate cancer death), and 13.2 years for prostate cancer death and for non-prostate cancer death. The Kaplan-Meier estimates of the cumulative incidences over follow-up were: biochemical recurrence 33%, lethal prostate cancer 19%, prostate cancer death 17%, and non-prostate cancer death 56%, all over a maximum follow-up of 23 years. Given the men's characteristics and rates of recurrence, this cohort is relevant to men in the PSA era diagnosed with clinicallylocalized disease.
Telomere FISH staining provides single cell resolution, allowing high-resolution assessment of telomere length and variability in length from cell to cell
Telomere-specific FISH signals are linearly proportional to telomere length and thus, telomere length can be quantified via digital image analysis (9) . As expected, signals were less intense (i.e., telomere length was shorter) in cancer cells, on average, than in adjacent cells in prostate tissue samples from the men in the HPFS. telomere signals were variable in intensity from cancer cell to cancer cell (Fig. 1A) (Fig. 1C) compared with other men (Fig. 1D) .
Shorter telomeres in prostate CAS cells, and more variable telomere length among prostate cancer cells are associated with increased risk of poor prostate cancer outcomes
We assessed telomere length, on a per cell basis, as the ratio of the total intensity of telomeric signals in each cell to the total intensity of the DAPI stained nuclear DNA signal in the same cell (see Methods). Then, we examined the association of median telomere length and the standard deviation of telomere length (as a measure of cell-tocell variability), which we calculated for each man separately by cell type, with prostate cancer outcomes and with non-prostate cancer death after adjusting for commonly used prognostic indicators. Risk was similar when comparing the middle and least variable tertiles among cancer cells for all four outcomes. None of the other cell types assessed had a consistent pattern of association for telomere length variability. We also evaluated the association for telomere length variability from cancer cell to cancer cell using nonparametric measures and the inferences were comparable. The coefficient of variation (CV%; i.e., standard deviation / mean) for telomere length among the cancer cells was not associated with the outcomes.
Based on these findings, we focused on cancer cells and CAS cells for the subsequent analyses. We calculated telomere length and variability in telomere length among the cancer cells and in the CAS cells, and explored the relationship between length and variability in length within and between the two cell types. Cancer cells (median=12.9 [ratio of the total intensity of telomeric signals to the total intensity of the DAPI signal]) had substantially shorter telomere length than CAS cells (median=55.8).
Cancer cells had a smaller standard deviation for telomere length, but when standardized for the mean length (i.e., the CV%), the relative variability was greater The telomere biomarker adds to the predictive capability of the currently used
prognostic indicators
We considered the predictive capability of the telomere biomarker for prostate cancer outcomes relative to the currently used prognostic indicators. In the multivariable model that included the prognostic indicators plus the telomere biomarker, the HRs of lethal prostate cancer and prostate cancer death for the more variable/shorter combination were of the same order of magnitude and statistical significance as for prostatectomy
Gleason sum and pathologic stage (Table 4) . We also calculated the C-statistic (i.e., the area under the receiver operating characteristics curve) for the telomere biomarker. Telomeres are comprised of the repeating hexanucleotide DNA sequence, TTAGGG, bound by the six-member shelterin protein complex (1, 2) . This telomere complex maintains chromosomal stability by inhibiting exonucleolytic degradation, inhibiting inappropriate homologous recombination, and preventing the chromosome ends from being recognized as double-strand breaks, thereby averting chromosomal fusions (3, 10) . In normal somatic cells, critical telomere shortening leads to p53-dependent senescence or apoptosis (11, 12) . In cancer cells, cell cycle checkpoints are typically abrogated. In this setting, critical telomere shortening and chromosomal breakage-fusion-bridge cycles may lead to genomic instability (13) . Using highresolution in situ methods, extensive telomere shortening has been observed in cancer cells compared with normal epithelial cells in the vast majority of prostate cancers and in high-grade prostatic intraepithelial neoplasia (4, 14) .
Given that dysfunctional telomeres contribute to genomic instability and promotes tumorigenesis (15), we hypothesized that increased telomere shortening in prostate cancer cells would drive the evolution of cell clones capable of invasion, extravasation, and metastasis. Therefore, we expected that prostate cancers possessing the greatest degree of telomere loss would have a more aggressive disease phenotype and thus a worse outcome. While we verified that telomeres were shorter, on average, in cancer cells than in neighboring benign-appearing cells, we found that variability in telomere length among the cancer cells, rather than telomere length, was associated with risk of poor outcome. Shorter telomeres in cancer-associated stromal cells were even more strongly associated with risk of poor outcome. The combination of variability in telomere length among cancer cells and telomere length in cancer-associated stromal cells, which we call the "telomere biomarker", was a stronger predictor of prostate cancer outcome than either alone. Notably, the telomere biomarker was also strongly associated and predictive of outcome in men with Gleason 7 disease.
Only three studies have investigated telomere length and prostate cancer outcomes previously; these were small retrospective studies (5-7) that used DNA extracted from cancer-containing tissue sections. These studies observed statistically significant independent associations of reduced telomeric DNA content, reflecting 
shorter telomeres, in prostatectomy specimens (5, 7) and in biopsy specimens (6) with risk of prostate cancer recurrence or death. In contrast to those studies, our study was prospective, 5-times larger, and our method provided individual cell resolution, thus enabling us to evaluate the contributions of telomere length differences in specific malignant and benign-appearing cell types to clinical outcome.
Recent studies have observed telomere shortening in cancer-associated stromal cells (16, 17) ; such shortening may reflect a microenvironment that promotes tumor progression or may be a consequence of the tumor on surrounding cells (16).
Regarding the former possibility, mounting evidence suggests that microenvironmental alterations may initiate and promote prostate carcinogenesis. During normal development, stromal cells profoundly influence epithelial differentiation. In prostate tumors, the cancer-associated stroma frequently displays an altered gene expression profile (18, 19) and an increase in myofibroblasts and fibroblasts mimicking wound repair, a phenotype known as "reactive stroma" (20) . Cunha and colleagues have demonstrated that prostate cancer-associated fibroblasts can induce proliferation and malignant transformation of cultured benign prostate epithelial cells (21) . The prostate cancer-associated stroma can help promote tumor progression via several mechanisms including the expression of pro-tumorigenic factors (22) . Relevant to our finding of an increased risk of poor outcome in men with shorter stromal telomeres, telomere shortening in fibroblasts has been shown to lead to a senescent phenotype that includes an altered pattern of secreted factors, many of which are known to be tumor promoting, including pro-inflammatory cytokines and matrix-degrading proteases (23 
reactive stromal cells may be developing telomere shortening as a response to tissue injury caused by the tumor cells. How might the tumor develop increased telomere length variability from cell to cell? Perhaps this variability reflects or leads to more generalized genetic instability, which in multiple cancer types tends to be related to more aggressive features (24) . Future studies in which whole genome sequencing is employed in cases with and without high variability in telomere length from cancer cell to cancer cell could help answer this question.
Several aspects of our study merit discussion. With respect to generalizability, the men we studied are highly relevant to men who are being diagnosed with clinicallylocalized disease today. While the majority of men in the study were white, reflecting the demographics of the men who entered the health professions during a prior era, we do not have any evidence that our findings would not also apply to men of other racial/ethnic backgrounds. We selected the largest and usually the highest Gleason sum tumor focus then sampled multiple regions of that tumor focus selected to capture within-tumor heterogeneity. Given our tumor sampling strategy, we could not determine whether the telomere biomarker had different predictive capability by tumor focus in men with multiple foci. We used a method of telomere length determination that we previously documented to be both valid and reliable (9) . For the assessment of telomere length we evaluated each cell type, where available. For some men, the tissue microarray (TMA) spots, which were sampled from areas of adenocarcinoma, did not contain sufficient normal-appearing luminal epithelial, basal epithelial, or stromal cells for analysis. Thus, the number of men in those analyses was smaller than for the cancer cell analysis. Cells of each type that were in sharp focus in the digital image of the TMA 
spots were selected for telomere length determination, but otherwise were not sampled with respect to the appearance of the cells. Nevertheless, the evaluated cells were not a random sample and it was not feasible to evaluate all potentially evaluable cells because the assay in its current implementation is extremely labor intensive. We used the ratio of the total intensity of telomeric signals to the total intensity of the DAPI signal to correct the telomere signals for the amount of DNA that was in the evaluable tissue plane of the stained tissue sections. We confirmed that variability in DAPI signals, which, in theory would be higher in aneuploid cancer cells, did not explain our findings (data not shown).
The number of men who experienced progression to metastasis and prostate cancer death was relatively small especially when we divided the men into the four telomere biomarker groups. In the less variable/longer combination, only 1 man died of prostate cancer; this group had a reduced risk of the outcome and thus a deficit of events is expected. Indeed, if the four telomere biomarker groups each had had the same risk of poor outcome, then the number of prostate cancer deaths expected in each group each exceeded 5. While variability in telomere length among the cancer cells captured some of the same risk prediction as pathologic stage and grade, the telomere biomarker associations with outcome were independent of the currently used prognostic indicators and telomere biomarker added to the predictive capability of the prognostic indicators. The residual prediction suggests that the telomere biomarker may capture other features of disease aggressiveness that stage and grade do not capture.
In summary, we have identified that the combination of more variable telomere length among prostate cancer cells and shorter telomeres in prostate-cancer associated 
MATERIALS AND METHODS
Study Population
The study population was drawn from men participating in the Health Professionals 
Ascertainment of Prostate Cancer Cases and Their Follow-up
On each follow-up questionnaire, we asked the men to report a diagnosis of prostate cancer. We were able to obtain medical records and pathology reports pertaining to their diagnosis for 94.5% of the men who reported a prostate cancer diagnosis or for whom prostate cancer was mentioned on the death certificate. We abstracted TNM stage and PSA concentration at diagnosis from these records. We followed these men from the date of their diagnosis through January 2010 for the development of biochemical recurrence, distant metastasis, prostate cancer death, and non-prostate cancer death. The diagnosis of biochemical recurrence and distant metastasis (to bone or other organs) was collected by mailed questionnaire and then confirmed by the treating doctor. We learned of a participant's death from family members, the postal system, or by searches of the National Death Index, which is estimated to have a sensitivity of more than 98% (25) . Men were classified as having died from their prostate cancer if they had documented extensive metastatic disease. Follow-up for death is more than 98% complete for the HPFS cohort.
Confirmation of Pathologic Tumor Characteristics and Construction of Tissue
Microarrays (TMAs)
After receiving participant permission, we requested tissue blocks of the prostatectomy specimens for the men who underwent surgical treatment for their prostate cancer from hospitals around the US. Study pathologists re-reviewed H&E-stained tissue sections containing prostate cancer and assigned a standardized Gleason sum as previously described (26); we used this Gleason sum in the analyses. We used five TMAs that were constructed for 631 prostate cancer cases as previously described (27) . Briefly, a study pathologist selected the tumor focus that was the largest and/or had the highest Gleason sum, selected at least three areas of that focus, and then sampled them using 0.6 mm biopsy needles. For this analysis on telomere length, we excluded one man whose date of diagnosis and death were the same, men who had a prior history of a different primary cancer (N=7), and men who were diagnosed with prostate cancer incidentally after having undergone a transurethral resection of the prostate for the treatment of symptomatic benign prostatic hyperplasia (N=27). After these exclusions, 596 men were available for this analysis. 
delineating benign prostatic basal cells. Telomeric signals identified by the binary segment mask, which were contained within the area inscribed by each circled nuclear DNA (DAPI) signal area, were then measured, and the data for each telomeric spot was tabulated. The total DAPI (DNA) fluorescence signal for each selected nucleus was likewise quantified. For each selected cell, the individual telomere intensities were summed ("telomere sum"), and this total was divided by the total DAPI fluorescence signal ("DAPI sum") for that same nucleus. This normalization to the nuclear DAPI signal corrects for differences in nuclear cutting planes and ploidy.
In TMA spots containing cancer, we evaluated prostate adenocarcinoma cells and the following cancer-associated cell types: benign-appearing prostate luminal epithelial, basal epithelial, and stromal (fibroblasts and smooth muscle). A small number of TMA spots did not contain cancer because of purposive sampling or because the cancer focus was exhausted during prior serial sectioning, leaving only benignappearing tissue (N=133 men). In these TMA spots, we were able to evaluate benignappearing prostate luminal epithelial, basal epithelial, and stromal cells. For each of the above cell types, we selected and analyzed 30 to 50 individual cells per man; not all cell types were available for evaluation for each man. For all TMA spots, other cell types, such as infiltrating lymphocytes, were excluded from the image analysis based on morphologic features. Tabulated data were stored in a MySQL (http://www.mysql.com) database and viewed through Microsoft Access (Microsoft Corp.).
Statistical Analysis
For each man and each of his cell types, we calculated (i) the median ratio of telomere the mean) as a standardized measure of variability. We divided the distribution of these measures into tertiles. We combined over adjacent tertiles that had similar associations.
After viewing these results, we combined over telomere length in the CAS cells (shorter/longer) and variability in telomere length among the prostate cancer cells (more/less) to create four groups. We characterized the men by their demographic and prognostic indicators overall and by the combination of telomere length in CAS cells and variability in telomere length among the prostate cancer cells and tested for differences across the combinations using the chi-square test for proportions and one-way ANOVA for means. We determined whether length or variability in length differed across prognostic indicators -pathologic stage, prostatectomy Gleason sum, and PSA concentration at diagnosis.
To evaluate the association of telomere length, variability in length, and the telomere biomarker with prostate cancer outcomes and non-prostate cancer death, we generated two analytic cohorts. For progression to biochemical recurrence and lethal prostate cancer (defined as the subsequent development of distant metastasis or prostate cancer death), the analytic cohort consisted of men with clinically-localized disease without pathologic stage N1 or M1 (excluded N=7, total N=589 of which 560 were in the telomere biomarker analysis) at the time of prostatectomy. we generated Kaplan-Meier curves for the four telomere biomarker groups and tested differences in the curves using the log-rank test. Separately by cell type, we estimated the hazard ratio (HR) and 95% confidence interval (CI) of each outcome using Cox proportional hazards regression. For telomere length in CAS cells and for telomere length variability among prostate cancer cells, we ran three models that were (i) adjusted for age (continuous) and calendar year (continuous) at diagnosis; (ii) further adjusted for prostatectomy Gleason sum (indicator variables: 3+4, 4+3, ≥8, versus ≤6 (reference)), pathologic TNM stage (≥T3b versus < T3b (reference)) and PSA at diagnosis (indicator variables: 10-20, >20, unknown, versus <10 ng/mL (reference)); and (iii) additionally mutually adjusted for telomere length and variability in length. For the combination of telomere length and variability in telomere length, we also ran models (i) and (ii). We calculated the C-statistic (28) for the model that included age and date of diagnosis, and the model the further included the prognostic indicators. Then, we added the telomere biomarker to these models. All analyses were performed using SAS v 9.2 (SAS Institute, Cary, NC). All statistical tests were two-sided, with P<0.05 considered to be statistically significant. This case has strong telomere signals in cancer-associated stromal cells. In all the images, the DNA is stained with DAPI (blue) and telomere DNA is stained with the Cy3-labeled telomere-specific peptide nucleic acid probe (red). Of note, the centromere DNA, stained with the FITC-labeled centromere-specific peptide nucleic acid probe, has been omitted from the image to emphasize the differences in the telomere lengths. In all panels, the asterisks highlight the cancer cells and the arrows point to the cancerassociated stromal cells. Original magnification × 400. 
